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Monday, February 4, 2013 267aC39X and C44X channel proteins are trafficking defective. We show that C39X
and C44X channels undergo translation reinitiation at M60 which deletes the
hERG N-terminus including the first 34 residues of the Per, Arnt, and Sim
(PAS) domain. In contrast to the reinitiation of Q81X channels at M124, in
which the PAS domain is nearly completely deleted, reinitiation at M60 dis-
rupts the folding of this highly structured domain, precluding the efficient fold-
ing and trafficking of the mutant channels. The RNase protection assay, western
blot analysis and electrophysiology were used to characterize the LQT2 mu-
tants at the RNA, protein, and functional level. Our findings indicate that trans-
lation reinitiation may give rise to trafficking as well as functional defects of
mutant hERG channels associated with LQT2 nonsense mutations.
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The KCNH2 gene encodes a Kþ channel important to normal cardiac electro-
physiology. Its significance is underscored by its link to both hereditary (locus
LQT2) and acquired Long-QT cardiac arrhythmias. Over 400 deleterious mu-
tations have been reported throughout the KCNH2 length. Why the channel is
so susceptible to missense mutations is unclear. More than 50% of LQT2 mu-
tations result in defective assembly and trafficking. There is evidence that even
wild type channels are processed inefficiently. It has also been reported that the
channel protein may reach the surface via atypical pathways. Most attention has
logically focused on the protein for these processes.
Much less is known about mRNA-dependent factors in channel processing. We
analyzed the coding mRNA sequence of KCNH2. It has 66%GC content and 60
potential hair-pin loop segments. We re-synthesized the cDNA to achieve 50%
GC-content and reduce the number of potential hair-pin loops whilemaintaining
identical amino acid coding. Cellular expression of the codon-modified cDNA
(CM-KCNH2) produced ionic currents comparable to native cDNA. Channel
protein was expressed in a dramatically different pattern. Whereas the native
protein (NT-KCNH2) is usually more abundant (immature form) in ER/Golgi
compartments than on the surface, CM-KCNH2 showed a preponderance of
the mature form, indicating channels at the surface. Immunofluorescence analy-
sis confirmed this localization. From these results we hypothesize that KCNH2
translation efficiency, determined by RNA sequence-specific elements indepen-
dent of coding, affect downstream protein assembly and/or trafficking_an
unusual occurrence. As a corollary to this, we postulate a synergy between the
inherently inefficient biosynthesis of KCNH2 and LQT2mutations that contrib-
ute to the pathogenesis of hereditary LQT2. Further investigation ofmechanisms
underlyingmRNA-dependent processing of KCNH2 channelsmay lead us to re-
consider approaches to hereditary and acquired arrhythmia syndromes.
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Reduction of the current carried by the cardiac potassium channel HERG can
lead to Long QT syndrome, an arrhythmia characterized by a rapid heart rate
and reduced cardiac output, which can, in certain situations, be fatal. The effect
of extracellular electrolytes on the biophysical properties of the HERG channel
have been studied in some detail. In particular, increases in extracellular cal-
cium, magnesium and hydrogen have been shown to slow channel activation,
increase channel deactivation, and shift the G-V curve to more positive volt-
ages. A number of reports have also shown that hydrogen can reduce HERG
current by a mechanism that does not involve an effect on channel deactivation
and which likely involves pore block. We show here that reducing extracellular
potassium results in a significant increase in HERG current reduction by extra-
cellular calcium, hydrogen, and magnesium. Current reduction by calcium ap-
pears to be significantly greater than current reduction by magnesium.
Furthermore, the reduction in HERG current by extracellular hydrogen de-
pended on the extracellular calcium concentration. The Drosophila voltage-
gated potassium channel Shaker, showed a much smaller decrease in current
by extracellular calcium and this effect was not dependent on extracellular
potassium. In addition there was no difference in current reduction by calcium
between WT HERG and the inactivation deficient mutant S631A, either in low
or high extracellular potassium. These results suggest that calcium, hydrogen,
and magnesium can block the HERG potassium channel and that calcium, hy-
drogen, magnesium, and potassium may interact at the outer pore of the HERG
channel.1373-Pos Board B265
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KCNE2 in the Extracellular Juxtamembrane Region
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KCNE1 and KCNE2 are both expressed in human heart and can associate with
KCNQ1. KCNE1 and KCNE2 share transmembrane topology and sequence ho-
mology, yet they differ in KCNQ1 modulation (KCNE1 slows KCNQ1 Closed-
to-Open transition, while KCNE2 slows KCNQ1 Open-to-Closed transition)
and pharmacology (KCNQ1/KCNE2 is 5 and 10 fold less sensitive than
KCNQ1/KCNE1 to niflumic acid, IKs activator, and azimilide, IKs suppressor).
Previous work has shown that the extracellular juxtamembrane (EJM) region of
KCNE1 interacts with the extracellular surface of KCNQ1 to modulate gating
kinetics and to form IKs activator binding sites. This prompts us to compare the
EJMs of the two KCNE subunits in terms of KCNQ1 interaction. We apply cys-
teine (Cys) scanning mutagenesis to EJMs of KCNE1 and KCNE2 and analyze
the patterns of functional perturbation when coexpressed with KCNQ1. We use
methanethiosulfonate (MTS) reagents to probe the relationship between EJMs
of KCNE subunits and KCNQ1. Finally we probe disulfide formation between
Cys engineered into the EJMs of KCNE subunits and those engineered into ex-
tracellular surface of KCNQ1. The EJM of KCNE1 makes frequent contacts
with KCNQ1, so that MTS modification of exposed Cys side chains can affect
channel gating. KCNQ1/KCNE2 is largely indifferent to MTS modification of
exposed Cys side chains engineered to EJM of KCNE2. However, MTS can
slowly access 7 consecutive hydrophobic positions in the beginning of
KCNE2 transmembrane domain, as if there is a crevice between KCNQ1 and
KCNE2. Disulfide trapping experiments suggest that KCNE2 is leaning more
toward KCNQ1 S2 than KCNE1. We propose that KCNE2 interferes with
S2-S4 interactions during KCNQ1 Open-to-Closed transition and thus slows
deactivation. This weakens sensitivity to niflumic acid and azimilide by affect-
ing binding site directly or by an allosteric mechanism.
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Background: Ion channels composed of a (pore-forming) and b (auxiliary)
subunits use an ‘early-assembly’ strategy (Kir6.x/SUR assembly in ER) to con-
trol cell surface expression, or a ‘late-assembly’ strategy (a/b2 of rat brain Nav
channels, both subunits independently traffic to cell surface) to allow dynamic
control of current amplitude/gating kinetics. Slow delayed rectifier (IKs) chan-
nel is composed of KCNQ1 (Q1, a) and KCNE1 (E1, b) subunits, and functions
as ‘repolarization-reserve’ in human heart. It is not clear which of the 2 assem-
bly strategies Q1 and E1 use in forming IKs. Methods:We express Q1 and E1
tagged with fluorescent-protein (Q1-GFP and E1-dsR) or extracellular epitope
(AU5-Q1 and HA-E1) in COS-7 and neonatal rat ventricular myocytes
(NRVM), and use confocal imaging to track Q1 & E1 movements in cells.
Results: InCOS-7 cells 3 hr after transfection,Q1 andE1 travel in separate trans-
port intermediates without mixing/fusion. E1 reaches the cell surface before Q1.
By 24 hr, Q1 and E1 are colocalized on cell surface. Brefeldin-A (blocking pro-
tein export from ER) prevents surface expression of Q1-147C/E1-40C and re-
duces disulfide formation between the two (as a measure of functional Q1/E1
assembly). In NRVM during in vitro development, Q1-GFP and E1-dsR travel
in distinctly different transport intermediates. As NRVM develops into
mature-like phenotype, Q1-GFP and E1-dsR are colocalized on the cell surface,
with a separate cytosolic Q1-GFP pool colocalized with a-actinin and calnexin
(z-line and ER/SRmarkers, respectively).Conclusions:Q1 andE1 use the ‘late-
assembly’ strategy to afford dynamic control of IKs current amplitude. This ex-
plains why native Q1 and E1 in adult ventricular myocytes are often not well-
colocalized. We propose that cardiac myocytes regulate IKs amplitude dynami-
cally by adjusting the degree of Q1/E1 colocalization on cell surface.
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Long QT syndrome is associated with prolongation of the corrected QT interval
(QTc) and increased risk for ventricular arrhythmias. LQT1 is caused by loss-
of-function mutations in the KCNQ1-encoded Kv7.1 a-subunit which mediates
the slowly activating delayed rectifier Kþ current (IKs) in the heart. A family
with a KCNQ1 missense mutation (I235N) in the voltage-sensor of Kv7.1 has
268a Monday, February 4, 2013concealed LQT1 at rest (QTc, 45255ms) but shows marked paradoxical QTc
prolongation (534516ms) during the recovery phase of treadmill stress testing.
This abnormal recovery response is blunted in patients taking b-adrenergic
blockers (487511ms). Voltage-clamping experiments using HEK293 cells ex-
pressing WT or I235N with the Kv7.1 b-subunit KCNE1 showed that I235N
decreased KCNQ1 current (IKCNQ1) by 93% and caused a large positive shift
in the midpoint potential for activation (V1/2). However, cells co-expressing
WT and I235N (to mimic the patients’ genotypes) showed only a small de-
crease in IKCNQ1 (~30%) and shift in V1/2. Since excessive QTc prolongation
in I235N patients appears secondary to b-adrenergic stimulation, we tested
whether I235N prevented PKA activation of IKCNQ1. In cells expressing
WT, PKA stimulation with forskolin and IBMX increased IKCNQ1 by 64%,
but it did not increase IKCNQ1 in cells co-expressing WT and I235N. Compu-
tational simulations using a ventricular action potential (AP) model showed
that reducing the IKs component by 30% increased the AP duration at 90% re-
polarization (APD90) by only 1.6%. However, incorporating b-adrenergic sig-
naling showed that reducing the IKs component by 30% and preventing its
activation by PKA increased the APD90 by 7.1%. We conclude I235N mod-
estly affects basal QTc, IKs, and APD90, but it prevents PKA activation of
IKs to cause a dangerous prolongation in the QTc/APD90 during b-adrenergic
stimulation.
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Type 1 long QT syndrome (LQT1) syndrome is caused by loss-of-function mu-
tations in the KCNQ1-encoded Kþ channel (Kv7.1) that underlies the slowly
activating delayed rectifier Kþ current (IKs) in the heart. Intragenic risk strat-
ification suggests LQT1 mutations that disrupt conserved amino acid residues
in the pore are an independent risk factor for LQT1-related cardiac events. The
purpose of this study is to determine possible molecular mechanisms that un-
derlie the loss-of-function for these higher risk mutations. Extensive
genotype-phenotype analyses of LQT1 patients showed that the pore mutations
T322M-, T322A-, or G325R-Kv7.1 confer a higher risk for LQT1-related car-
diac events. Heterologous expression of these mutations with KCNE1 sug-
gested that they generated non-functional channels and caused dominant
negative suppression of WT-Kv7.1. We performed molecular dynamic simula-
tions (MDS) for the analogous mutations in KcsA (T85M-, T85A-, and G88R-
KcsA). MDS of WT-, T85M-, T85A, and G88R-KcsA channels showed the
selectivity filters formed four contiguous sites (S1-S4) that could bind to Kþ
ions and water molecules in an alternating manner. For the most part, the ox-
ygen atoms that lined the WT-KcsA selectivity filter faced the central pore
axis; however, the T85M-, T85A-, or G88R-KcsA simulations showed they sta-
bilized a configuration where the carbonyl oxygen atom between S2 and S3 was
‘‘flipped’’ away from the lumen of the selectivity filter. T85M- and T85A-KcsA
stabilized the flipped configuration for one of the a-subunits, and G88R-KcsA
stabilized the flipped configuration for two adjacent a-subunits. The stabiliza-
tion of the flipped configuration upset the balance between the strong attractive
and Kþ-Kþ repulsive forces required for rapid Kþ permeation. We conclude
that the T322M-, T322A-, and G325R-Kv7.1 cause a loss-of-function by dis-
rupting the architectural and physical properties of the selectivity filter.
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Lipids in different forms can directly affect the electric activity of excitable tis-
sues, in some cases via direct interactions with ion channels. For instance is the
activity of Kv7 (KCNQ) channels dependent on the abundance of the phospho-
lipid PIP2 in the inner leaflet of the plasma membrane. In this work we instead
studied the effect of free extracellular polyunsaturated fatty acids (PUFAs) on
Kv7 channels expressed in Xenopus oocytes. We show that u-3 and u-6
PUFAs affected the voltage dependence of Kv7.1 and Kv7.2/3 by shifting
the conductance versus voltage (G(V)) curves in negative direction along the
voltage axis. The effect was pH dependent. In contrast, uncharged methyl estersof the PUFAs did not affect the voltage dependences. Fatty acid requirements
and PUFA-induced effects were similar to those previously reported for the
Shaker K channel suggesting a similar modulatory mechanism of action, i.e.
our previously proposed lipoelectric mechanism in which PUFAs electrostati-
cally affect channel opening. The putative PUFA interaction site is close to the
positioning of auxiliary KCNE subunits. We therefore also investigated the im-
pact of KCNE subunits and found that PUFA potency was influenced by KCNE
association. Kv7.1 and Kv7.2/3 channels are important for cardiac and neuronal
excitability, respectively, and mutated channels resulting in loss-of-function
cause heart arrhythmias and epilepsy. The PUFA-induced opening of Kv7
channels found in this study may therefore help explain the antiexcitable prop-
erties of PUFAs and the fat-rich ketogenic diet. Lipoelectric modification of the
channels voltage dependence could be a future new approach for pharmacolog-
ical treatment.
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Voltage gated Kþ channels are key regulators of neuronal excitability. The
M-Current, formed by tetramerization of Kv7.2 and Kv7.3 subunits, is a voltage
gated Kþ current present in neurons. The inhibition of this current leads to de-
polarization of the membrane potential. It has been described previously that
the serum-and glucocorticoid regulated kinase 1 (SGK1) induces an increase
in the amount of Kv7.2/3 channels in the membrane (Schuetz et al. 2008).
We now show that the neuronal isoform of this kinase (SGK1.1) induces an
up-regulation of the Kv7.2/3 current in Xenopus laevis oocytes, while the
kinase-inactive mutant K220A does not produce an effect. SGK1.1 interacts
with PIP2 and is normally localized to the plasma membrane (Arteaga et al.
2008). An SGK1.1 mutant disrupting PIP2 binding (K21N/K22N/R23G;
Wesch et al. 2010) had no effect in the amplitude of the Kv7.2/3 current.
SGK1.1 did not modify the voltage dependence and open or close kinetics of
the Kv7.2/3 channels, suggesting that the kinase alters channel abundance in
the membrane. We also tested M-current amplitude in neurons of the superior
cervical ganglion (SCG) isolated from transgenic mice expressing a constitu-
tively active form of SGK1.1 (S515D). Transgenic SCG neurons showed an in-
crease in M-current amplitude, consistent with a trend towards a more negative
resting potential and less excitability when compared with wild-type SCG neu-
rons. Our conclusions are:
 SGK1.1 is a novel regulator of M-channels.
 SGK1.1 could be an integrator of different signal transduction pathways con-
trolling M-channels and therefore neuronal excitability.
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Electrical resonance of excitable membranes associated with subthreshold
M-current (M-resonance) has been proposed to underlie theta frequency of
EEG, cognitive functions, certain forms of epilepsy, and sensory signal pro-
cessing. However, the biophysical mechanisms of M-resonance remain elusive.
using whole-cell patch-clamp technique, we reproduced M-resonance phenom-
ena in CHO cells expressing KCNQ2 potassium channels. A linear model of KV
channels was proposed to analytically decompose M-resonance evidenced in
primary cells as well as in our heterologous expression system. Guided by
our theoretical modeling, mutagenesis analyses indicated that M-resonance is
tightly correlated with the unusually slow activation/deactivation of M-chan-
nels, in contrast to other KV channels with much faster kinetics, which exhibit
rather weak or no resonance. Perturbations of the key residues on the channel
sustaining the unique M-kinetics also corrupted M-resonance. Taken together,
the biophysical origin of M-resonance was revealed by our study, providing in-
novative insights into the design principle of M-channels for fulfilling its phys-
iological functions.
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M-type Kþ channels control excitability of many neuron types. M channel ac-
tivity is potently enhanced by oxidative modification of triple cysteine pocket
within the cytosolic linker between transmembrane domains 2 and 3. Thus, in
